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A dichroic atomic vapor laser lock (DAVLL) system exploiting buffer-gas-filled millimeter-scale
vapor cells is presented. This system offers similar stability as achievable with conventional DAVLL
system using bulk vapor cells, but has several important advantages. In addition to its compactness,
it may provide continuous stabilization in a multi-gigahertz range around the optical transition. This
range may be controlled either by changing the temperature of the vapor or by application of a buffer
gas under an appropriate pressure. In particular, we experimentally demonstrate the ability of the
system to lock the laser frequency between two hyperfine components of the 85Rb ground state or
as far as 16 GHz away from the closest optical transition.
PACS numbers: 33.57.+c, 32.60.+i, 85.70.Sq
I. INTRODUCTION
Most of modern atomic, molecular, and optical physics
experiments require precise control over optical proper-
ties of light. For example, long-term stability of light
frequency is needed in experiments with optical cool-
ing and trapping, investigation of nonlinear (coherent)
optical effects, optical metrology (e.g., atomic magne-
tometry), or searches for physics beyond the Standard
Model. A popular technique of laser-frequency stabiliza-
tion exploits magnetically induced circular anisotropy of
a medium [1]. In this technique, a longitudinal magnetic
field, i.e., field along the quantization axis, shifts ener-
gies of Zeeman sublevels lifting their degeneracy. This
results in a frequency-dependent difference in absorption
and dispersion of the two orthogonal circular polariza-
tion (σ±) components of light1. Thus, detection of light
ellipticity or polarization rotation provides an error sig-
nal, which enables light-frequency stabilization. This ap-
proach has been used in various incarnations of dichroic
atomic vapor laser locks (DAVLLs) employed for stabi-
lization of laser-light frequency to optical transitions in
helium [1], alkalis (rubidium [2–5], cesium [6–8], potas-
sium [9]), strontium [10], mercury [11, 12], ytterbium
[13], and barium [14].
One of the most important advantages of the DAVLL
system is its technical simplicity. A complete DAVLL set
consists of a vapor cell, magnets or a solenoid, a pair of
wave plates (quarter- and half-wave plate), a polarizer
∗ pustelny@uj.edu.pl
1 The quantization axis is oriented along the light-propagation di-
rection.
with two photodiodes (polarimeter), and a proportional-
integral-derivative (PID) controller to process electrical
signals. This limited number of components enables
miniaturization of the system. In fact, a DAVLL with
a volume of several cm3 was recently demonstrated [15].
The key element of the system was a microfabricated va-
por cell (microcell) with a volume smaller than 1 mm3
[16]. As shown in Ref. [15], the performance of such a sys-
tem is comparable to that of a traditional DAVLL, which,
among the others, opens the possibility of its incorpora-
tion into laser heads to enhance the laser performance or
construction of portable atomic magnetometers [17]
Another important feature of the DAVLL system is its
ability to lock the laser in a relatively broad frequency
range (e.g., ∼ 600 MHz in systems exploiting a buffer-
gas-free room-temperature alkali vapor). While this is
significantly more than obtainable with other techniques
(e.g., those based on saturated-absorption spectroscopy
or those referencing the laser to an optical cavity), it
may not be enough for some applications. For example,
pump-probe spectroscopy requires detuning of a probe
laser several linewidths from the investigated transition.
In such a case, off-resonance locking may be achieved
by superimposing two light beams, one to be stabilized
and other that is stabilized to a particular transition,
and measuring/locking their beating frequency [18]. Al-
ternatively, laser stabilization may be realized by seed-
ing a slave laser with a frequency-stabilized laser, whose
amplitude or phase is modulated with an electro-optical
modulator (EOM) [19]. The drawback of these solutions,
however, is their complexity, as they require two lasers
and EOM, and detection of beating (error) signals at a
frequencies often exceeding 1 GHz.
In general, off-resonance locking may be also achieved
with the DAVLL system. For such a purpose, however,
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2the DAVLL locking range needs to be shifted or expanded
to include the frequency of interest.
From a practical point of view, the locking range in
DAVLL systems is limited by the width of the optical
transition used for stabilization. Therefore, a straight-
forward approach to off-resonance stabilization would ex-
ploit broadening of the absorption line in the locking
system. This may be achieved either by heating the va-
por cell (increasing absorption) or by introduction of an
additional gas into the cell (inducing pressure broaden-
ing). The first approach was recently demonstrated in the
context of the Faraday spectroscopy, where laser locking
6-14 GHz away from the optical transition was demon-
strated [20]. While this solution enables stabilization of
laser frequency far from the optical transition, it does
not provide an opportunity to lock the laser closer to the
transition, where absorption is so strong that no light is
transmitted through the cell2.
In this paper, we investigate light-frequency stabiliza-
tion employing the combination of the approaches based
on increasing absorption and inducing pressure broaden-
ing. To do that we build a DAVLL system with microcells
filled with rubidium vapor and molecular nitrogen as a
buffer gas. This allows us to theoretically estimate the
ability to lock the laser in a 40-GHz continuous frequency
range, and experimentally demonstrate locking the laser
in a continuous 30-GHz range extending from 16 GHz
below the center of the F = 1 → F ′ = 2 transition to
8 GHz above the center of the F = 2→ F ′ = 1 transition
of the 87Rb D1 line. In particular, locking the laser in
the middle between two Doppler-broadened transitions
of 85Rb (F = 3 → F ′ and F = 2 → F ′), as well as, 16
GHz away from the optical transition is presented. In all
the cases, compensation of ≈1-GHz drifts or instant fre-
quency jumps with a residual instability less than 5 MHz
is demonstrated. The performance of the system is in-
vestigated as a function of temperature of the vapor and
pressure of the buffer gas. To confirm the capabilities
of the technique, we support experimental results with
numerical simulations based on the density-matrix for-
malism.
II. EXPERIMENTAL SETUP
The experimental arrangement used for laser-
frequency locking and characterization of the DAVLL
performance is shown in Fig. 1. The DAVLL system
was essentially identical to the one used in Ref. [15]. The
only difference was in a microfabricated rubidium (natu-
ral abundance) vapor cell (1×2×3 mm3), manufactured
at IPHT Jena as described in Ref. [21] for the case of
cesium. In addition to rubidium, the cells used in this
2 In order to lock the laser closer to the optical transition the
temperature of the cell needs to be reduced.
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FIG. 1. Schematic of the experimental setup used to char-
acterize the DAVLL system. ECDL stands for the extended-
cavity diode laser, HeNe laser is a frequency-stabilized HeNe
laser operating as the reference for the wavemeter, BS stands
for a beam-splitter, M is a mirror, WP is a Wollaston prism,
PD is a photodiode, and λ/4 and λ/2 are quarter- and half-
wave plates, respectively.
work contained molecular nitrogen, as a buffer gas, at
two pressures: 46 mbar and 230 mbar 3. The cells were
heated up to 125◦C with a set of resistors. The vapors
were subject to a 200-G longitudinal magnetic field (with
less then 20 G inhomogeneity within the cell volume [15])
generated with a set of toroidal permanent magnets. The
cell’s heater-magnet system was enclosed in a single-layer
µ-metal cylindrical magnetic shield with two lids of a to-
tal length of 16 mm and a diameter of 9 mm.
For a thorough characterization of the microDAVLL
system, additional measurements were performed in a
“traditional” DAVLL system, employing a bulk cylindri-
cal evacuated vapor cell of a length of 10 mm and 10 mm
3 Buffer-gas pressure was determined based on Lorentzian fits to
the D2 absorption spectra, using the relation between frequency
shift and buffer-gas pressure of -4.52 MHz/mbar [22].
3in diameter [3]. The bulk system was operated under the
conditions providing comparable properties to those of
the microDAVLL, particularly, optical depth, magnetic
field, and light intensities.
To control the locking point, a pair of wave plates was
used in the systems: a half-wave plate was mounted in
front of the cell and a quarter-wave plate behind the cell.
This provides the control over the stabilization point via
adjustment of the DAVLL-signal zero crossings. Partic-
ularly, the wave plates allow for switching between the
dichroism detection, enabling locking close to the cen-
ter of the transition, and the Faraday-rotation detection
(birefringence), when laser light can be locked far from
the transition. Moreover, the two wave plates can be
used to eliminate thermal drifts of the locking point [23].
After the shield, the light was detected with a bal-
anced polarimeter, consisting of a Wollaston prism and
two photodiodes. The polarimeter output signal (a
photodiode-difference signal) was amplified and fed into a
PID system (SRS SIM960) and next into the modulation
input of the laser controller (External Cavity Diode Laser
from VitaWave). For the characterization of the system,
the PID signal was combined with an external-generator
signal. It allows investigation of the system’s ability to
compensate for drifts or instant changes (square-wave
modulation) of the laser frequency. The laser frequency
was monitored with a wavemeter (HighFinesse WS/7),
which according to the specification, offered a spectral ac-
curacy of 200 MHz. In our measurements, higher resolu-
tion of the measurements was achieved by referencing the
wavemeter to a frequency-stabilized He-Ne laser (Spectra
Physics 117A with a residual instability less than 5 MHz
over 1 hour). In such a way, a residual instability of
the wavemeter of about 1 MHz within half an hour was
demonstrated.
III. SIMULATION OF THE DAVLL SIGNAL
In this work, the experimental investigations are sup-
ported with theoretical modeling of the system. The
modeling is based on the density-matrix calculations ex-
ploiting a full experimental system with two hyperfine
ground states and two hyperfine excited states of two ru-
bidium isotopes (85Rb: F = 2, 3 and F ′ = 2, 3 and 87Rb:
F = 1, 2 and F ′ = 1, 2) with a complete set of mag-
netic sublevels, interacting with linearly polarized light.
The atoms are subject to a longitudinal magnetic field
splitting Zeeman sublevels and mixing those of the same
m but different F , where m is the magnetic quantum
number. The interaction with light and magnetic field
results in optical anisotropy (circular birefringence and
dichroism) of the medium; polarization rotation and el-
lipticity change of light propagating through the medium
is observed.
The Hamiltonian of the system is given by
Hˆ = Hˆ0 − dˆ ·E − µˆ ·B, (1)
where Hˆ0 =
∑
Fm ωF |Fm〉〈Fm| is the Hamiltonian of
an unperturbed system with ωF being the frequency of
a hyperfine level with the total angular momentum F ,
E and B are electric and magnetic fields, respectively
and dˆ and µˆ are respective electric- and magnetic-dipole-
moment operators (we choose a natural unit system with
c = h¯ = 1). The evolution of the density matrix is gov-
erned by the Liouville equation
˙ˆρ = −i
[
Hˆ, ρˆ
]
− Γˆ(ρˆ) + Λˆ(ρˆ), (2)
where Γˆ(ρˆ) is the relaxation operator and Λˆ(ρˆ) is the
repopulation operator. There are two sources of re-
laxation/repopulation in the system under considera-
tion. First is uniform relaxation that tends to repop-
ulate atoms toward thermal equilibrium (equally popu-
lated ground-state magnetic sublevels of a given isotopes
and 27/73 division of the population between 87Rb and
85Rb determined by the isotope abundances). The pro-
cess is induced mainly by collisions with the walls of the
cell. The second relaxation/repopulation process is as-
sociated with optical pumping and spontanous emission,
which drives the system toward dynamic equilibrium in-
corporating both processes.
By introducing the macroscopic polarization P and
relating it to the electric field E and the density matrix
ρ, P = natTr
(
ρˆdˆ
)
, where nat is the rubidium number
density, one can derive the equations for the change in
electric field of light E0, light polarization rotation ϕ,
and ellipticity change ε per unit distance [24]
dE0
dl
(ω) = −piωnatIm
[ ∑
FmF ′
‖dFF ′‖ (〈Fm11|F ′ m+1〉ρFm,F ′m+1 + 〈Fm1−1|F ′ m−1〉ρFm,F ′m−1)
]
,
dϕ
dl
(ω) = −piωnat
E0
Re
[ ∑
FmF ′
‖dFF ′‖ (〈Fm11|F ′ m+1〉ρFm,F ′m+1 + 〈Fm1−1|F ′ m−1〉ρFm,F ′m−1)
]
,
dε
dl
(ω) =
piωnat
E0
Im
[ ∑
FmF ′
‖dFF ′‖ (〈Fm11|F ′ m+1〉ρFm,F ′m+1 + 〈Fm1−1|F ′ m−1〉ρFm,F ′m−1)
]
,
(3)
where ‖dFF ′‖ is the reduced electric dipole moment be- tween the hyperfine ground state (F ) and hyperfine ex-
4cited state (F ′), λ is the wavelength of light, and 〈...|...〉
is the Clebsch-Gordan coefficient. Summation in Eqs. (3)
runs over all ground-state magnetic sublevels.
It should be noted that Eqs. (3) are derived for x-
polarized light. This allows one to present them in a
relatively compact form. In general, however, light po-
larization is arbitrarily oriented in the xy-plane, which is
determined by the orientation of the half-wave plate sit-
uated in front of the cell. Nonetheless, since there is no
preferred direction in the plane, the means of light-atom
interaction (i.e., light absorption, polarization rotation,
ellipticity change) are identical for all linear polarization
in the xy-plane. Thus, in the calculations, the effect of
arbitrary orientation of light polarization is incorporated
by rotating the polarization axis of light departing the
atomic medium by the angle 2θλ/2 rather then rotating
polarization of the incident light4.
In alkali-vapor cells, there are two contributions to
the linewidths of optical transitions, which are impor-
tant for determination of the DAVLL signal. The first
contribution stems from the finite lifetime of an atom in
the excited state. In the buffer-gas cells, the lifetime is
predominantly determined by the alkali atoms collisions
with the buffer-gas atoms/molecules, while in the buffer-
gas-free cells it is determined by spontaneous emission.
The buffer-gas collisions introduce additional factor to
the excited-state relaxation, which enters Eqs. (3) via
density-matrix element ρFm,F ′m′ but also through the
modifications of reduced electric dipole moment ‖dFF ′‖.
Nonetheless, as the collisions affect all atoms identically,
i.e., each atom reveals the same excited-state relaxation
rate γe, the collisions lead to homogenous broadening of
the transitions. The second contribution to the linewidth
stems from a thermal motion of atoms; the Doppler shift
that is associated with the atomic/molecular motion re-
sults in an inhomogeneous broadening of the transitions.
As the shift is specific for atoms moving with specific ve-
locities, this effect is not present in Eqs. (3), it can be,
however, included by convolving them with a Doppler
broadened line〈
dE0
dl
(ω)
〉
v
=
1√
pi∆D
∫ ∞
−∞
dE0
dl
(ω − ω′) e−ω′2/∆2Ddω′,〈
dϕ
dl
(ω)
〉
v
=
1√
pi∆D
∫ ∞
−∞
dϕ
dl
(ω − ω′) e−ω′2/∆2Ddω′,〈
dε
dl
(ω)
〉
v
=
1√
pi∆D
∫ ∞
−∞
dε
dl
(ω − ω′)e−ω′2/∆2Ddω′,
(4)
where ∆D is the Doppler width of all transitions5.
Finally, to calculate the polarization rotation induced
by the medium, Eqs. (4) need to be integrated over the
transition path through the medium. The result of this
calculation provides parameters that enable one to deter-
mine the DAVLL signal.
To calculate a signal at the polarimeter (the DAVLL
signal), we used the Jones formalism. Within the for-
malism, the signal at the balanced polarimeter is given
by
S = A
(|Sx|2 − |Sy|2) , (5)
where A is the factor depending on light intensity and
gain in the detection system and Sx and Sy are the two
elements of the Jones vector
(
Sx(ω)
Sy(ω)
)
= Mλ
4
(θλ/4)
(−i cos(ϕl(ω) + 2θλ/2) sin εl(ω)− cos εl(ω) sin(ϕl(ω) + 2θλ/2)
cos(ϕl(ω) + 2θλ/2) cos εl(ω)− i sin εl(ω) sin(ϕl(ω) + 2θλ/2)
)
e−κl(ω), (6)
where κl(ω), ϕl(ω), and εl(ω) are the light-frequency de-
pendent absorption, polarization rotation, and ellipticity
change given by Eqs. (4) integrated along the light path
(e.g., εl(ω) =
∫ l
0
〈dE0/dl′(ω)〉vdl′) and Mλ
4
(θλ/4) is the
matrix describing light polarization transformation in-
duced by a quarter-wave plate oriented at the angle θλ/4
4 An explicit form for polarization absorption, rotation, and
change in ellipticity of arbitrarily polarized light can be found
in Ref. [24].
5 Although there are difference between frequencies of specific
transitions, the difference are small compared to the transitions
frequencies. Hence, herein, we assumed identical Doppler broad-
ening of all optical transitions.
with respect to the x axis
Mλ
4
(θλ/4) =
(
1√
2
(1 + cos 2θλ/4) − i√2 sin 2θλ/4
− i√
2
sin 2θλ/4
1√
2
(1− cos 2θλ/4)
)
.
(7)
In this paper, Eqs. (5)-(7) are used to simulate the
DAVLL signals.
IV. RESULTS AND ANALYSIS
Figure 2 presents the DAVLL signals measured
[Fig. 2(a)] and simulated [Fig. 2(b)] versus light frequency
in three atomic vapor cells (two microcells and a bulk
5FIG. 2. (a) Measured and (b) simulated DAVLL spectra
recorded in bulk- (solid black) and two microcell (46 mbar
of N2 – dotted red and 230 mbar of N2 – dashed blue) sys-
tems. The bulk-cell measurements were performed at 75◦C,
while the temperature of microcells were ∼ 100◦C. The micro-
DAVLL signals were measured with a 5-mW light beam. (c)
The corresponding normalized absorption spectra in the cells
(after subtraction of the linear background in the signal.) For
better visibility of the spectrum, the two spectra recorded in
buffer-gas microcells were measured at a slightly lower tem-
perature (94◦C), so that light transmitted through the cell,
close to the center of absorption lines, is still detectable (at
100◦C the medium is completely opaque for the tunings close
to the center of the absorption lines).
cell with no buffer gas)6 together with the correspond-
ing absorption spectra (measured at lower temperatures)
[Fig. 2(c)].
The presented data reveal differences among the three
cells. Particularly, the number of zero crossings of the
signals, i.e., the number of independent locking points,
6 The DAVLL signal in the bulk system was measured for
the Faraday-spectroscopy arrangement (purely birefringence-
determined signal), while the signals in the microcells are com-
bination of dichroic and birefringent contributions.
varies between the cells. While 10 zero crossings are ob-
served in the buffer-gas-free cell, significantly fewer cross-
ings are present in the microcell signals. This difference
originates from a different ratio between linewidths of
specific optical transitions and the level splittings. In
particular, in the evacuated cell the Doppler width is on
the order of 300 MHz, i.e., it has narrower than most of
the hyperfine splittings. In turn, the transitions indepen-
dently contribute to the signal. In the investigated buffer-
gas-filled cells7, the pressure broadening overwhelms the
transition linewidth (additionally causing deterioration
of the transition amplitudes), which results in an overlap
between neighboring transitions. Thereby, fewer zero-
crossings are observed in the DAVLL signal.
Another source of difference between the signals arises
due to different temperatures under which the DAVLL
signals were detected. Specifically, the microcell sig-
nals were measured at temperatures, corresponding to
stronger light absorption and hence larger amplitudes of
the DAVLL signals are observed. Moreover, under such
conditions, the medium is opaque for light tuned close to
the strongest transitions (e.g., at the 85Rb transitions),
thus no light and hence no DAVLL signal is observed for
such tunings.
Other differences are observed at the wings of the sig-
nals. In particular, the negative-detuning wings of the
signals measured in the buffer-gas cells extend much fur-
ther than those of the evacuated cell. This stems from
the higher temperature under which the cells are oper-
ated, i.e., the approach demonstrated, for example, in
Ref. [20], but also from the pressure broadening and shift
of the optical transitions. The impact of the buffer gas
is also visible in the high-frequency wings of the DAVLL
spectra. In particular, for this part of the spectrum the
DAVLL signal measured in the 46-mbar and 230-mbar
cells have opposite signs; in an optical arrangement used
in Fig. 2, the 230-mbar cell reveals only positive signal
for all positive detunings (there are no zero crossings),
while such crossings are observed in the two remaining
cases.
Experimental results shown in Fig. 2(a) are supported
with theoretical simulations based on the density-matrix
formalism described in Sec. III [Fig. 2(b)]. The results
are in general agreement with the experimental data
[Fig. 2(a)]. Particularly, the simulations show the change
in the signal shape, including the number of zero cross-
ings in different cells. The small differences in the shape
of the experimental and theoretical signals is most likely
a consequence of our experimental procedure. We scan
laser frequency by changing laser-diode current. Thus
the scan is accompanied by the changes of light inten-
sity. It lead to appearance of a slope superimposed on
the atomic signal or the additional dependence of the
7 The width of the rubidium D1 transitions (full width at half
maximum) due to the collisions with N2 is calculated from a
pressure broadening of ∼ 18 MHz/mbar [22].
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FIG. 3. DAVLL spectra simulated as a function of buffer-
gas pressure. The plot demonstrates the modification of the
DAVLL spectra, particularly, signal deterioration, reshaping
(the shaded areas highlight the signal with negative value),
and associated reduction of zero crossings, with the buffer-
gas pressure. The dashed lines mark the positions of three
arbitrarily selected crossing points. The changes in the po-
sitions of these zero crossings are shown in the inset. The
inset also reveals the disappearance of one of the crossing
(marked with red line), resulting from interference of neigh-
boring pressure-broadened transitions. The signals were sim-
ulated for θλ/2 = 0◦ and θλ/4 = −22.6◦ (small deviation from
perfect birefringence arrangement), at a temperature of about
50◦C, a magnetic field of 200 G, and a cell length of 1 mm.
DAVLL signal on the light frequency [dependence of the
factor A in Eq. (5) on the light frequency] and hence
slight modification of the observed DAVLL spectra.
To further study the buffer-gas dependence of the
DAVLL signal, we simulated the spectra for different
buffer-gas pressures but otherwise same set of parame-
ters (Fig. 5). In such a case, the most pronounced effect
of the buffer gas is signal deterioration and reshaping.
Particularly, over the simulated range of buffer-gas pres-
sures, the signal amplitude is reduced by roughly an order
of magnitude. The reshaping can be demonstrated by the
analysis of the zero crossings of the DAVLL signal (the
shaded areas in the 3D plot mark regions with negative
DAVLL signal). For example, the zero crossing observed
at roughly 3 GHz (marked with red line) disappears at a
N2 pressure of about 20 mbar (see inset). The analysis
also confirms the shift of the crossings. This is best visi-
ble at a low-frequency crossing (marked with black line),
where the line broadening and shift cooperate toward
shifting the resonance position further in low frequen-
cies. At the same time, the shift of the high-frequency
zero crossing (marked with purple lines) is much smaller
as for such a tuning the two effects cause shifts in oppo-
site directions. All these observations are in agreement
with experimental data.
A smaller number of zero crossings in the DAVLL spec-
trum of the buffer-gas-filled microcells with respect to the
bulk cell may suggest limited locking range of the micro-
DAVLL system with respect to the conventional systems.
To demonstrate that this is not the case, we first inves-
tigate the temperature dependence of the 230-mbar mi-
croDAVLL spectra (Fig. 4). As shown in in the figure, at
the lowest temperature (67◦C), the DAVLL signal pro-
vided continuous stabilization within a ∼15-GHz range
(detuning roughly from -10 GHz to 5 GHz), which was
achieved by the combination of the Doppler (∼0.3 GHz)
and pressure (∼ 2.8 GHz) broadenings. Locking at the
particular tuning was obtained by a proper adjustment
of wave plates. Particularly, locking the laser close to
the maximum or minimum of the dichroic signal (i.e., at
0 GHz or -4 GHz in the considered case), where shown
signals were flat, was possible by switching to detecting
birefringence (rotating the quarter-wave plate by ∼ 45◦)
[3, 15, 20]. In fact, at such an arrangement, the birefrin-
gence provides the steepest error signals for these detun-
ings, offering the strongest frequency locking.
Despite the ability to lock the laser frequency in a
whole 15-GHz range using a 67◦C vapor, a problem of
the system may be relatively small signal-to-noise ratio
(SNR), which may result in weaker locking and hence
more significant drifts of laser frequency) fluctuation of
laser frequency. To avoid this problem, operation at
higher vapor temperatures (larger optical depths) is de-
sired. Importantly, at such temperatures, not only the
signal becomes stronger but also the locking range in-
creases. For instance, at 94◦C, one can tune the stabi-
lization point of the laser within a ∼ 20-GHz range (a
5-GHz increase of the locking range). Further increase
of the temperature (>100◦C) resulted on the one hand
in extension of the wings of the DAVLL signal, on the
other, however, in stronger absorption of the vapor. In
particular, the signals measured at 110◦C and 125◦C re-
veal the loss of the ability to lock the laser close to the
center of the D1 line, due to the complete opacity of the
vapor for such a frequency range.
To investigate the temperature dependence more thor-
oughly, we simulated the DAVLL spectra versus temper-
ature for two different vapor cells: the evacuated cell and
the cell filled with 1000 mbar of nitrogen. The results of
these simulations, shown in Fig. 5, reveal general trends
7FIG. 4. DAVLL signals measured at various vapor temper-
atures as a function of light-frequency detuning. At higher
temperatures, the observed signal broadens due to stronger
absorption of the signal (the change in the Doppler broaden-
ing is small, from 320 MHz at 67◦C to 340 MHz at 125◦C, so
it may be neglected). Along with the broadening, the absorp-
tion in the cell also increases eventually leading to complete
opacity of the vapor for light tuned close to the center of
the transition (see, for examples spectra detected at 125◦C);
under such conditions, laser cannot be stabilized for that fre-
quency range.
in the DAVLL-signal-temperature dependence, but also
some differences between the two cases. Particularly, the
simulations demonstrate that rising temperature, i.e., in-
creasing atomic concentration, results in the enhance-
ment of the DAVLL signal and extension of its wings
toward high or low frequencies, independently from the
cell type. For example, in the simulated temperature
range (between 30◦C and 80◦C), the lowest frequency
zero crossing was pushed, in both cells, more than 20 GHz
to the lower frequencies (see insets). For even higher
temperatures, the shifted is accompanied by oscillation
of the low (and high) frequency part of the spectrum
(not shown). This oscillations are a result of larger than
45◦ rotation of light polarization and were previously
studied in Ref. [20]. It is noteworthy, however, that the
x
Detuning (GHz)
Signal
(arb. units)
(a)
(b)
30
40
50
60
70
30
40
50
60
70
Temperature
( C)
o
Temperature
( C)
o
Detuning (GHz)
Signal
(arb. units)
FIG. 5. The DAVLL spectra measured versus temperature
for the evacuted cell (a) and the cell filled with 1000 mbar
of nitrogen (b). Increasing the temperature up to 70◦C en-
ables enhancing the amplitude of the spectra. Above that
temperature, the central part of the spectra starts to deterio-
rate, which is a result of absorption of light in optically thick
medium. The temperature increase also leads to the exten-
sion of the high- and low-frequency wings of the signal, en-
abling shifting the locking points (see insets). The shaded ar-
eas mark regions of negative DAVLL signal. The simulations
were performed in the dichroic geometry with θλ/2 = 45.3◦
and θλ/4 = 45.8◦ and a magnetic field of 200 G.
temperature induced increase of signal amplitude is lim-
ited. Particularly, in the central part of the spectrum, the
DAVLL signal levels up at appropriately high tempera-
tures (here at ≈ 70◦C) and deteriorates for even higher
temperatures (just a beginning of this trend is visible in
Fig. 5). This behavior stems from the absorption of the
light in the medium and is responsible in the evacuated
cell [Fig. 5(a)] for lack of the ability to lock the laser
in the central part of the spectrum, i.e., the frequency
range between F = 3→ F ′ and F = 2→ F ′ transitions.
However, access to this frequency range is possible with
the cell filled with a buffer gas, which induces appropri-
8ately high pressure broadening [see Fig. 5(b)]. In such
a case, the F = 3 → F ′ and F = 2 → F ′ transitions
overlap even at room temperature, so large increase in
temperature is not required to observe coverage of ro-
tation from the transitions (although may be desired to
increase signal-to-noise ratio).
In addition to the temperature dependent shifts of zero
crossings, observed particularly at the wings of the spec-
tra, the simulations also show that some of the crossings
are unaffected by temperature (see, for example, the zero
crossing observed at 1 GHz, marked in black in Fig. 5).
In that case, the crossings stay nearly unaffected, at po-
sitions of absorption lines unperturbed by the magnetic
field (B = 0).
To further investigate the capability of the DAVLL sys-
tem to lock the laser far from the optical transition, we
also studied the dependence of the signal on the orienta-
tion of quarter-wave plate. Figure 6 shows the error sig-
nal measured as a function of the light frequency for var-
ious quarter-wave-plate orientations8. The signals were
measured in the 230-mbar cell at a temperature of 125◦C,
where no transmission is observed at the center of the D1
line. At the same time, the wings of the signal extend
far into lower and higher frequencies (>∼10 GHz) enabling
off-resonance locking of the laser. In particular, for the 0◦
orientation of the wave plate (relative angle), the lock-
ing point (the zero crossing) appears ∼ 15 GHz away
from the closest optical transition (F = 2 → F ′ = 1
of 87Rb). The position of this point may be precisely
adjusted by rotating the quarter-wave plate so that the
laser can be stabilized to any frequency within the low-
frequency part of the spectrum. Specifically, at 60◦ the
locking point can be brought 10 GHz closer to the center
of the line (being still −4 GHz below the center of the
F = 2 → F ′ = 1 transition of 87Rb). Similarly, one can
lock the laser ∼3 GHz above the 87Rb F = 1 → F ′ = 2
transition (30◦) and the tuning range extends roughly
5 GHz further into the higher frequencies for 90◦ quarter-
wave-plate orientation.
It is noteworthy that the locking range at positive de-
tunings is smaller than that obtained for negative detun-
ings. This is in part due to the difference in the shift
of the transition frequencies due to the buffer gas (pres-
sure shift). As shown in Fig. 2, the transitions in the
230-mbar cell are shifted by –1.3 GHz with respect to
the evacuated cell. Hence the whole locking range is 1.3-
GHz detuned toward the lower frequencies. Addition-
ally, the combined strength of the 87Rb F = 2 → F ′
and 85Rb F = 3 → F ′ transitions is larger than that
of the 85Rb F = 2 → F ′ and 87Rb F = 1 → F ′ tran-
sitions, which are weaker and further apart. This leads
8 Every quarter-wave-plate rotation results in reshaping of the sig-
nal, particularly, shift of its base line. Thus, to enable locking of
the laser, i.e., to observe zero crossings of the signal, every rota-
tion of the quarter-wave plate is accompanied by an appropriate
rotation of the half-wave plate.
FIG. 6. DAVLL spectra measured for different orientation of
the quarter- and half-wave plates. Rotation of the wave plates
modifies the DAVLL signal and the laser can be precisely
locked anywhere between -15 GHz and -4 GHz and 8 GHz
and 13 GHz. The constant signal of 5 V appearing in the
60◦ data at the detunings smaller than -8 GHz is due to the
saturation of the detectors in our system. The signals were
measured at the 230-mbar cell at a temperature of 125◦C.
to the larger amplitude of the DAVLL signal at the low-
frequency wing compared to that at the high-frequency
wing of the spectrum and thus lower range of frequencies
for laser stabilization. Finally, there is a contribution
to low-high-frequency asymmetry from the change of the
light intensity accompanying the sweep of the light fre-
quency (achieved by laser-current modulation). In turn,
the amplitude of the low-frequency signal is larger than
that of high frequency. Over the frequency-sweep range
of Fig. 6, the change is on the order of 20%. The slope
associated with this effect is most pronounced in the 30◦
data.
To fully demonstrate the capabilities of the DAVLL
system exploiting the buffer-gas cells, we investigated a
position of zero crossing on the orientations of the wave
plates [Fig. 7(a)]. With the 1000-mbar cell, we demon-
strated the ability to continuously tune the lock point of
a laser in a 40-GHz frequency range. Similarly as in a
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FIG. 7. DAVLL spectra for different wave-plate orientations
(a) and slope of the spectra for different tunings and wave-
plate orientations (b). The black polygons at the right-hand
side of the 3D plots separate regions with different quarter-
wave-plate orientations. Within the region the half-wave plate
orientation is changed smoothly between two extreme values.
The dashed line marks the position of zero crossings and the
shaded area highlights the area with negative DAVLL sig-
nal. Rotating the wave plates enables controllable tuning of
the laser lock point (zero crossing) in a continouos 40 GHz
range. While tuning the locking point, the steepness of the
slope changes nearly by 2 orders of magnitude, changing the
strength of lock, i.e., system’s ability to neutralize frequency
drifts or instant jumps (the label in the plot denotes the
quarter-wave plate orientation). This loss can be compen-
sated with the increase of vapor temperature or gain in the
electronic system. The simulations are performed for temper-
ature of 50◦C, nitrogen pressure of 1000 mbar, cell length of
1 mm, and magnetic field of 200 G.
traditional DAVLL system, this range is not achieved
with a single orientation of wave plates, but requires
their appropriate adjustments. Particularly, in the pre-
sented case, four orientations of the quarter-wave plate
and many (principally, infinite number of) orientations of
a half-wave plate were used. The changes of the quarter-
wave-plate orientation were applied to switch between
Faraday and dichroic geometries, as well as, reverse the
sign of the signal. Rotation of the half-wave plate is used
to shift the zero-crossing point. In turn, the half-wave-
plate rotation induces small modification of the spectra,
while rotation of the quarter-wave plate their significant
change (note different region marked by black polygons
in the plot).
An interesting question of locking a laser far from an
optical transition is the strength of such lock. This
strength is determined by the steepness of the DAVLL
signal. To investigate this, we calculated the slope of the
DAVLL signal in the 1000-mbar cell for the zero cross-
ings separated by 1 GHz [Fig. 7(b)]. As shown, the slope
steepness changes roughly 30 times between the strongest
locking (close to the center of the pressure-broadened ab-
sorption line, i.e., at a 0-GHz detuning) and the weakest
locking points (at far low/high-frequency wings of the
transition, i.e., for a ±20-GHz detunings). As shown
above, the steepness can be enhanced either by increas-
ing the temperature of the vapor or by improving elec-
tronic gain. Each of this solution has its advantages and
disadvantages. Particularly increasing temperature may
increase a signal at the wings but reduce its amplitude
at the center (due to enhanced absorption) and improv-
ing electronic gain is simple but keeps signal-to-noise ra-
tio at the same level, so the noise, and associated laser-
frequency fluctuations, can be significant. Therefore, a
careful choice of experimental parameters is required for
correct operation of the system under given conditions.
To experimentally demonstrate the ability to lock the
laser at frequencies unattainable for conventional DAVLL
systems, we used a microDAVLL system exploiting the
230-mbar vapor cell (Fig. 8). The figure depicts two cases
of laser locking: between the F = 3 → F ′ and F = 2 →
F ′ transitions of 85Rb [Fig. 8(a)] and 16 GHz away from
the F = 2 → F ′ = 1 transition of 87Rb [Fig. 8(b)]. In
both cases four regimes are shown: laser unlocked (I),
laser locked (II), laser unlocked with superimposed mod-
ulation (III), and laser locked with superimposed modu-
lation (IV). As shown in cases (II) and (IV), the DAVLL
was able to compensate for slow frequency drifts of the
signal as well as instant frequency changes/jumps (with
a 600-MHz amplitude peak-to-peak). For both laser lock
points, the system reveals the same stability (better then
5 MHz) for the time of an hour (not shown).
Analysis of the locking signal shown in Fig. 8(b) (par-
ticularly toward the end of the measurements) reveals
a slow drift of the frequency of the locked laser. This
drift occurred even though the error signal was kept at
zero the whole time. Therefore, the drift does not re-
sult from lack of ability to compensate for the drift, but
rather reflects shifting of the zero-crossing position of the
DAVLL signal. To verify weather the drift was caused by
temperature variation of the atomic vapor, we took the
approach presented in Ref. [23], where it was shown that
an appropriate choice of the incident-light polarization
makes the DAVLL system insensitive to the tempera-
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FIG. 8. The performance of the DAVLL system for the laser
locked between the F = 3 → F ′ and F = 2 → F ′ transi-
tions of 85Rb (a) and 16 GHz away from the unperturbed
F = 2 → F ′ = 1 transition of 87Rb (b). The laser stabiliza-
tion was performed using the 230-mbar-cell DAVLL system at
110◦C. From 0 to 1 min (yellow, I), the laser frequency was
not stabilized and freely drifted over time. Between minute
1 and 2 (red, II) the laser frequency was locked using the
DAVLL system. Over the next minute (blue, III), the laser
was unlocked and modulation was put into the modulation
channel of the laser. The current modulation corresponded
to 600 MHz (peak-to-peak). Over the last minute (green,
IV), the DAVLL stabilization was turned on with the applied
current modulation. In such a way, the ability of the locking
system to compensate for instant up to 600-MHz frequency
jumps (peak-to-peak) was demonstrated. The inset showing
the magnification of the stabilization signal reveals a stability
better then 5 MHz. The positive slope observed toward the
end of the 4th minute is due to the temperature-induced shift
of the zero-crossing position (see text).
ture changes. Despite a number of attempts, we were
unable to demonstrate such insensitivity. In fact, the
frequency drifts were comparable for all wave-plate ar-
rangements. This led us to the conclusion that the drift
arises not due to the change in atomic-vapor density but
due to temperature-induced changes of the magnetic field
the vapor is subject to or changes of the birefringence of
the glass windows of the cell. We verified by numerical
simulations that variation of the magnetic field by 10%
results in a shift of the locking point by not more than
300 MHz. The drift, however, strongly depends on the
locking point, i.e., the further toward the wing the laser
is locked, the more sensitive it is to magnetic-field drifts.
These results show that for more reliable performance
of the system under unusual conditions, e.g., for lock-
ing the laser far from the optical transition, a DAVLL
with more stable magnetic field is required. A possible
solution maybe a system where permanent magnets are
replaced a magnetic-field coil. This is particularly ap-
pealing as the coil may also be used for heating the cell
similarly as proposed in Ref. [20].
V. CONCLUSION
We discussed a new version of a DAVLL system that
exploits buffer-gas-filled millimeter-scale vapor cells. The
system offers similar stability as is achievable with bulk
vapor cells, additionally offering several advantages. In
addition to its compactness, the microDAVLL system
with buffer-gas cells may provide continuous stabiliza-
tion in a multi-gigahertz range around the optical tran-
sition. The range may be controlled either by changing
the temperature of the vapor or by application of the
buffer gas under an appropriate pressure. In particular,
we demonstrated that the buffer gas enables locking the
laser between the two hyperfine components of the 85Rb
ground state or far from the center of optical resonance
(-16 GHz from the center of 87Rb F = 2 → F ′ = 1
transition) with a residual instability of less than 5 MHz.
The model developed for the system enabled calculation
of the DAVLL signal and optimization of its operation
(by adjustment of gas mixture, vapor temperature, and
buffer-gas pressure) for specific applications. The ability
to stabilize laser light far from optical transition will be
useful in applications where light works as a weakly per-
turbing probe. A particular example of such application
is nuclear magnetic resonance in zero or ultra-low mag-
netic fields [25, 26], where the probe laser needs to be
detuned tens of GHz from the optical transition.
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